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A highly stable graphene-like metal-organic framework (BUC-17)
was prepared and used as an adsorbent to carry out the adsorption
of anionic dyes from simulated wastewater, which exhibited excel-
lent adsorption performance, particularly towards Congo red (CR)
up to 4923.7 mg g~* at room temperature. It was used to fix a SPE
column to conduct rapid separation of anionic dyes from an
organic dye matrix. A related mechanism was also proposed.

In the last two decades, remarkable progress has been
achieved in the study of metal-organic frameworks (MOFs),"'
not only owing to their intriguing structures,” but also
due to their interesting physical/chemical properties® and
potential applications, such as in adsorption/separation,*™°
1713 photocatalysis,"*"® luminescence,'®'” magnet-
ism, electrical application,” sensing and recognition®
and drug delivery.”> Some MOFs have also been used to
remove organic pollutants (including organic dyes), consider-
ing their striking characteristics of cavities with regular size
and shape, well-defined channels, as well as excellent chemical
and solvent stabilities.>?

Recently, some MOFs were used to selectively adsorb and
efficiently separate cationic or anionic dye molecules from
their matrix due to the host-guest electronic interactions and/
or guest-guest exchange interactions.**° However, in most
cases, the adsorption processes are time-consuming, and per-
formed in non-aqueous solutions.”®*°** Without question,
the practical application in this regard is mostly in aqueous
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solutions. Increasing attention is thus paid to how to efficien-
tly separate organic dyes with similar sizes but different
charges in aqueous solutions. On the other hand, it has been
demonstrated that MOFs with exchangeable ions are desired
to conduct high-performance adsorption and separation of
organic pollutants.*’™*>

Cationic MOFs represent an appealing subclass, which are
constructed from positively charged frameworks and weakly/
non-coordinated counter anions lying in pores or interlayer
spaces.*® Considering that 1,3,5-tris(1-imidazolyl)benzene (tib,
as illustrated in Fig. S1, ESI}), a rigid tridentate ligand, was
once utilized as a versatile organic building unit to construct
cationic coordination architectures with interesting structures,
topologies, and properties,** ™ in this study, we selected this
ligand to construct a new two-dimensional (2D) MOF,
[Cos(tib),(H20)12](SO4); (BUC-17) under hydrothermal con-
ditions. The X-ray single-crystal diffraction structural analysis
(Tables S1 and S2, ESIT) reveals that the octahedral geometry
of the Co(u) atom in BUC-17 (Fig. 1b) is completed by two
nitrogen atoms from two different tib ligands, occupying the
two axial positions, and four oxygen atoms from four co-
ordinated water molecules, which lie in the four sites of the
equatorial plane. Six Co(u) atoms are connected by six tib
ligands to form a graphene-like hexagonal pore subunit with
an aperture size of ca. 2.36 nm (Fig. 1a and c). These subunits

Fig. 1 (a) The 2D framework structure of BUC-17. (b) A symmetric unit
of BUC-17 and coordination environments of Co atoms. H atoms are
omitted for clarity. (c) The hexagonal hole in BUC-17.
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are arrayed to form final cationic 2D [Cos(tib),(H,0):,]""
sheets, which are further linked to form a 3D supramolecular
framework through abundant hydrogen-bonding interactions
(Fig. S3 and Table S3 in the ESIf). The uncoordinated sulfate
(S0,>7) anions thus act as discrete counter-ions to compensate
the cationic charges of the [Coj;(tib),(H,0),]"" layer.

To investigate the performance of BUC-17 toward removing
organic pollutants, adsorption experiments were performed in
a batch system, in which some typical organic dyes like congo
red (CR), mordant blue 13 (MB13), methylene blue (MB), and
sudan I (SI) (Fig. S2, ESIT) were selected as targeted models.
The adsorption activities of BUC-17 toward anionic CR were
described in detail, while the adsorption towards MB13, MB,
and SI is described in the ESL{ As illustrated in Fig. S4a
(ESIt), 99.1% CR was removed via BUC-17 in 3.0 min, implying
that BUC-17 could conduct rapid and high-performance
adsorption/capture of CR. The adsorption capacity of BUC-17
towards CR was determined to be 4923.7 mg g~* at room temp-
erature, much higher than most of the adsorbents reported
previously (as listed in Table S4, ESIT).

BUC-17 was stable under air and in water, also insoluble in
water and common organic solvents, including ethanol,
methylbenzene, chloroform, ether, DMSO and DMF, which
was confirmed by powder X-ray diffraction. It was found that
the experimental patterns matched well with those patterns
simulated from the single-crystal X-ray diffraction data, indi-
cating that BUC-17 was in high purity (Fig. 2a). The PXRD pat-
terns of BUC-17 after adsorbing CR and being immersed in
water solution up to 72 h were also completely consistent with
those of the as-prepared BUC-17, implying its excellent stabi-
lity in water. Moreover, the adsorption of CR onto BUC-17 was
further affirmed by TGA, as shown in Fig. 2b, in which there
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Fig. 2 (a) Comparison of PXRD patterns of the simulated one from
single crystal data, BUC-17 before and after adsorbing CR, as well as
being immersed in water for 3 d. (b) TGA curve of the as-synthesized
BUC-17, CR dye and BUC-17 after adsorbing CR. (c) UV-Vis spectral
changes of the dye mixtures of CR and MB in a batch system. (d) The
picture of the SPE setup.
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was a new weight loss in the TGA curve of CR@BUC-17. Also,
the framework of BUC-17 was stable under 400 °C as shown in
Fig. 2b. The adsorption of CR onto BUC-17 was also affirmed
by FTIR, and XPS, as illustrated in Fig. S5, ESL.{

To clarify the detailed adsorption behavior of BUC-17
towards CR, the adsorption kinetics, isotherm models and
related thermodynamic parameters are calculated. Adsorption
kinetics like the pseudo-first-order model and pseudo-second-
order model are usually applied to predict the controlling
mechanism of adsorptions.47 The calculated k; and k, values
and the corresponding linear regression correlation coefficient
(R?) values of the above-stated models are shown in Table S5
(ESI}). The obtained R*> values for the pseudo-second-order
model are above 0.99 at different initial CR concentrations.
The good agreement with the pseudo-second-order model
was also confirmed by similar values of calculated g. and
the experimental ones, as listed in Table S5 (ESI), demonstrat-
ing that the rate-limiting step might be chemisorption
involving valence forces through sharing or exchange of
electrons.*®*

Also, adsorption isotherms are important to describe how
the adsorbate molecules interact with the adsorbent surface.*
Three isotherm models, Langmuir, Freundlich, and Dubinin-
Radushkevich (D-R), were herein utilized to elaborate the behav-
ior of CR adsorption onto BUC-17. Related experiments were
conducted at 288, 293, 298, 303, and 308 K, respectively. As
shown in Table S6 (ESIT), the high coefficients R* (ranging from
0.970 to 0.999) of Langmuir equations implied that the adsorp-
tion of CR onto BUC-17 fitted well with the Langmuir model.
The gmax values obtained from the Langmuir model increased
with the temperature, indicating that the adsorption as an
endothermic process was favorable at high temperatures.

The standard free energy AG®, enthalpy AH®, and entropy
AS® were calculated based on the data obtained from the
Langmuir adsorption isotherm (Table S7 in the ESI¥) to clarify
the thermodynamic functions and the effects of the tempera-
ture on the process of CR adsorption onto BUC-17. The nega-
tive AG® values ranging from —23.80 to —32.47 kJ mol™" with
the temperature increasing from 288 to 308 K confirmed that
the adsorption of CR onto BUC-17 was feasible and spon-
taneous thermodynamically,”® thus the adsorption process
became more favorable at high temperatures.** The positive
value of AS® (407 J mol™* K') indicated the randomness
increased at the solid/solution interface during the adsorption
process.> The positive values of AH® (92.62 k] mol™") demon-
strated that the adsorption process was endothermic,* which
was similar to the adsorption of CR onto AC.>

Besides CR, BUC-17 also exhibited excellent adsorption per-
formance toward anionic MB13 (Fig. S4b in the ESIT). But, it
was inhospitable to cationic MB and neutral SI as stated in the
ESI.} The colors of MB and SI solutions remained unchanged
after more than 120 min of contact with BUC-17, as shown in
Fig. S6 of the ESL.{ Based on the preferential uptake of BUC-17
towards anionic dyes and inert action to cationic/neutral dyes,
a series of experiments were designed to test its potential sep-
aration ability for CR (100 mg L™")/MB (20 mg L") and MB13
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(20 mg L™')/MB (20 mg L") matrixes, respectively (detailed
experimental description is provided in the ESIf}).

Solid phase extraction (SPE) was also adopted to conduct
the CR (100 mg L™")/MB (20 mg L") matrix separation, in
which the Agilent Bond Elut C18 in a commercially available
SPE column was replaced with 1.0 g BUC-17 with a particle
size of about 0.08 mm. The CR/MB matrix (Cgg = 100 mg L™
and Cyp = 20 mg L") was pumped through the SPE column
via automatic vacuum with a flow rate of 5 mL min~" (Fig. 2d,
and Video 1, ESI{). It was found that the MB, inert to BUC-17,
passed through the SPE column completely and quickly,
whereas the CR was retained in BUC-17, indicating that
BUC-17 could rapidly and efficiently separate CR and MB from
their mixture.

The BET surface area of BUC-17 is 2.39 m” g~', demonstrat-
ing that its high-performance towards anionic dyes might not
be attributed to its porosity,’® while BUC-17 preferring to
capture anionic dyes like CR and MB13 can be partly attribu-
ted to its positive pore surface charge, as confirmed by the
tested zeta potential ranging from 14.0 to 24.9 mV at pH
4.0-10.0. As stated above, the pore size of BUC-17 is ca.
2.36 nm, smaller than the molecule sizes of anionic CR (2.61 x
0.86 x 0.39 nm) and bigger than the size of MB13 (1.56 x
0.86 x 0.62 nm), respectively. But, its adsorption performances
towards CR (¢max being 4923.7 mg g~ ') and MB13 (gmax being
850.5 mg g ') are different, indicating that the molecule size
might not contribute to the ultra-high uptake amount of CR.
In the BUC-17 structure, the uncoordinated SO,>~ anions are
supposed to be exchanged with the anionic dyes during
adsorption,*® which was confirmed by its adsorption perform-
ance towards CR (100 mg L™') in saturated aqueous Na,SO,
solution and in pure aqueous solution. These results revealed
that the presence of SO,>~ obviously inhibited the CR adsorp-
tion onto BUC-17, as evidenced by the adsorption efficiency
decrease from 95.4% (in pure aqueous solution) to 76.8%
(saturated Na,SO, aqueous solution) within 60 min, as illus-
trated in Fig. 3(a). In general, PO,>” is deemed as a much
stronger competitor than SO,>” in ion-exchange adsorption
systems.”®”” The anionic CR could be desorbed from
CR®@BUC-17 in NazPO, solution via the exchange between
anionic CR and PO,*>~ (as shown in Fig. 3b), in which the des-
orbed CR amount is 1692.0 mg g ', ca. 1/3 of BUC-17’s
maximum adsorption capacity of 4923.7 mg g~ ', implying that
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Fig. 3 (a) Adsorption of CR in deionized water and in saturated Na,SO,4
solution with BUC-17. (b) The CR release from CR@BUC-17 in deionized
water and in saturated NazPO,4 solution.
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ion exchange might not be the only mechanism resulting in
the ultra-high adsorption performance of BUC-17.°%°° 1t is
worth noting that it was difficult to desorb CR from
CR@BUC-17 in common solvents like deionized water and
ethanol, as shown in Fig. 3(b).

The presence of the coordinated water molecules in BUC-17
and amino/sulfonic groups in CR might contribute to form
abundant hydrogen-bonding interactions, which could favour
CR adsorbtion.®”®" In FTIR spectra, a noticeable blue shift
could be observed, which could be assigned to the -OH
stretching vibration band shifting from 3360 cm™" of BUC-17
to 3419 cm™" after CR@BUC-17 (Fig. S5a, ESIf). And, a new
absorption band at 1426 cm™' (-NH, bending vibration) of
CR@BUC-17 appeared, which could be ascribed to the hydro-
gen-bonding interaction between the hydroxyl ion of co-
ordinated H,O in BUC-17 and amino groups of the CR**"**
(Fig. S3a, ESIf). The XPS spectra indicate that the adsorption
of CR by BUC-17 led to a shift of the O 1s peak to higher
energy, from 530.85 eV to 531.16 eV, which could be ascribed
to the hydrogen bonding interaction between the hydroxyl ion
of coordinated H,O of BUC-17 and anionic sulfonic groups of
the CR dye.®® The sulfonic groups of CR might also facilitate
the formation of hydrogen-bonding interactions with the
coordinated H,O molecules after adsorption. The hydrogen
bonding hypothesis could also explain the very different
adsorption capacities between CR and MB13, in which the
-NH, groups in CR facilitate to form hydrogen-bonding inter-
actions, while there were no effective hydrogen-bonding func-
tional groups in MB13 due to the absence of -NH, groups.
Furthermore, the n-z stacking interactions between the
aromatic rings of CR and the imidazole ring of BUC-17 might
contribute to its excellent adsorption performance towards
CR.®>®® In addition, the hexagonal pore size of ca. 2.36 nm in
BUC-17 fell into the scope of the mesopore, which was also
beneficial for promoting the adsorption activity due to the
mesopore effect.’” In all, as shown in Fig. 4, the possible
mechanisms involved in the adsorption process could clarify
its excellent adsorption performance towards CR and efficient
separation of CR from the CR/MB mixture.

In conclusion, a water-stable MOF BUC-17 was successfully
synthesized, which exhibited ultra-high adsorption capacity

Fig. 4 Proposed interaction mechanism between CR and BUC-17.
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towards CR (4923.7 mg CR per gram of BUC-17). The adsorp-
tion process followed a pseudo-second-order kinetic model
and fitted well with the Langmuir isotherm. The possible
mechanisms were proposed, including the positive surface
charge, ion-exchange, hydrogen-bonding interactions, and n-=
stacking interactions along with the effect of mesopores.
BUC-17 can achieve such advantages as time-saving, water
stability, and ultra-high adsorption capacity. Furthermore,
BUC-17 was used to prepare a SPE column to efficiently separ-
ate different organic dyes from their mixture in water.
Considering the ultra-high adsorption performance and
efficient separation ability of BUC-17, it is believed that more
potential applications can be developed in real environment
samples.
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